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Although the quantum state of Schroedinger's cat is usually described as a 
superposition of "dead" and "alive," the cat's entanglement with the decaying 
nucleus decoheres the cat and the nucleus so that the cat is actually in a mixture, 
not a superposition, of dead and alive.  These local mixtures imply that the cat is 
either definitely dead or alive and the nucleus is either definitely decayed or 
undecayed, while the nonlocal pure entangled state implies the two outcomes are 
correlated.  This resolves the problem of definite outcomes in measurements even 
though the entangled "measurement state" (MS) is still reversible.  The double-slit 
experiment illustrates these conclusions.  This conclusion is precise, not simply 
"for all practical purposes," and is unaffected by the macroscopic or microscopic 
nature of the two subsystems.  Nonlocal two-photon interferometry experiments, in 
which each subsystem measures the other, throw further light on the MS by 
probing the effect of a variable phase factor inserted between its superposed terms.  
These experiments demonstrate directly that, when a bipartite (two-part) system is 
in the MS, both subsystems are in locally mixed states rather than superpositions, 
and they tell us what the MS superposition actually superposes.  Rather than 
superposing cats, the MS superposes correlations.  The entanglement-caused 
collapse shifts the coherence of the pre-measurement superposition into the 
correlations between the two subsystems.  Thus the collapse obeys unitary 
dynamics with no need for macroscopic systems, external environments, human 
minds, other worlds, hidden variables, or collapse mechanisms.   
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1  Background and summary 
 
 Erwin Schroedinger famously considered a cat, a flask of poison gas, a 
radioactive nucleus, and a device to automatically release the poison when the 
nucleus decays [1]. If the nucleus were isolated, then after one half-life its quantum 
state would be the superposition (|s1>+|s2>)/√2, where |s1> and |s2> are the 
nuclear undecayed and decayed states, respectively.  But the poison release device 
couples the nucleus with the cat, implying the nucleus-plus-cat state 
 
 (|s1>|a1> + |s2>|a2>)/√2,        (1) 
 
where |a1> and |a2> are the alive and dead cat's quantum states.  This paper takes a 
close look at the state (1).  This correlated, or entangled, superposition state seems 
paradoxical because it appears to represent a quantum superposition of an alive and 
dead cat.  As we will see, this appearance is misleading.  
 The importance of Schroedinger's cat lies in its connection to the 
"measurement problem."  To understand this connection, let's broaden the context 
to consider any qubit (two-state system) S whose Hilbert space ℋS is spanned by 
two orthonormal states |si> (i=1,2) and whose initial state is the most general qubit 
superposition 
 
 |Ψ>S = cosα |s1> + exp(iφ) sinα |s2>      (2) 
 
where 0≤α≤π/2 and 0≤φ<2π.  Consider a measurement apparatus A, which may be 
microscopic or macroscopic (i.e. its complexity is of no consequence), designed to 
distinguish between the |si> by transitioning into the state |ai> if it finds S to be in 
the state |si> (i=1, 2).  Assume, as is common in analyzing quantum measurement, 
that the |ai> are orthonormal (equivalent to assuming a reliable detector) and that 
the measurement interaction does not disturb the states |si> (i.e. the measurement 
is "ideal" as described by von John Neumann) [2, 3].   Then the linear time 
evolution of quantum physics leads, just after the S/A interaction, to the 
"measurement state" (MS)  
 
 |Ψ>SA = cosα|s1>|a1>+ exp(iφ) sinα|s2>|a2>    (3) 
 
of the composite system SA, of which (1) is a special case.  As we'll see, it's 
important to consider the general MS (3) rather than only the particular case (1) 
because, just as one studies 2-slit interference by observing superposition effects 
over a range of phase differences between the two beams, one must study various 
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phase differences between the MS's two superposed terms in order to understand 
the superposition.  
 The standard measurement postulate states that measurement reveals a 
definite outcome, associated with either |s1> or |s2>, and that S "collapses" into the 
corresponding state |s1> or |s2> (implying that A also collapses, into |a1> or |a2>).  
The measurement problem is: how do we reconcile this postulate with the MS?  
Put differently, the measurement problem is the problem of showing that the MS 
leads to "definite outcomes" (not superpositions) for both S and A: 
 
Basically, the quantum measurement paradox is that most interpretations of 
QM at the microscopic level do not allow definite outcomes to be realized, 
whereas at the level of our human consciousness it seems a matter of direct 
experience that such outcomes occur [4].  
 
 By studying the theoretical (Sect. 2) and experimental (Sect. 4) implications 
of the generalized Schroedinger cat state (3), this paper resolves the issue of 
definite outcomes.  We find that, when SA is in the MS (3), neither S nor A are in a 
superposition.  In fact, both are in local mixtures describable as "S is either in the 
state  |s1> or |s2>" and "A is either in |a1>  or |a2>" while the non-local, or global, 
state (3) is describable as a superposition in which |s1> occurs if and only if |a1> 
occurs, and |s2> occurs if and only if |a2> occurs.  The italicized word "and" 
indicates the sense in which (3) is a superposition.  Thus (3) is more subtle than it 
might seem.  Except for the cases α=0 or α=π/2 in which (3) is a simple product 
state, S and A are entangled and thus nonlocally connected [5].   That is, they can 
drift light-years apart, while interacting with numerous other systems, and yet 
remain instantaneously connected.  Sect. 4 shows that (3) is not a superposition of 
states at all, but is instead merely a superposition of correlations between the 
nonlocally connected subsystems S and A.  Experiments show that it's not correct 
to conceive of (3) (or (1)) as a simple superposition |1>+|2> of a single system.  
The non-local connection implies that the global system SA must be considered to 
comprise two separate sub-systems, because (3) is a superposition of correlations 
between these two subsytems.  As another way of stating the relation between S 
and A, the nonlocal entanglement implied by the measurement process "decoheres" 
S, i.e. turns (2) into a mixture while putting A into a corresponding mixture.   
 This paper claims only to solve the problem of definite outcomes, not the 
entire measurement problem.  As emphasized by Niels Bohr and John Wheeler "no 
elementary quantum phenomenon is a phenomenon until it has been registered by 
an irreversible act of amplification."[6]    Thus quantum measurement involves two 
steps:  First, a definite outcome must occur; second, that outcome must be 
amplified to the macroscopic level by means of an irreversible process such as 
making a permanent mark.  This paper deals only with the first of these two steps.   
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 The assessment is widespread in the literature that, according to (1), 
Schroedinger's cat is not in a definite state, either alive or dead, but is instead in a 
superposition of being both alive and dead.  For example, referring to 
Schroedinger's cat plus a radioactive sample, N. G. van Kampen states:   
 
After some time the whole system is in a superposition of two states:  one in 
which no decay has occurred that triggered the mechanism and one in which 
it has occurred.  Hence the state of the cat also consists of a superposition of 
two states:  |cat> = a |life> + b |death>.  There are two coefficients a, b ..., 
which depend on the time elapsed.  The state remains a superposition until 
an observer looks at the cat [7].  
 
John Bell, referring approvingly to the portion of van Kampen's analysis quoted 
above (although Bell disagrees with other aspects of van Kampen's analysis), 
states:   
 
After the measurement the measuring instrument, according to the 
Schroedinger equation, will admittedly be in a superposition of different 
readings.  For example, Schroedinger's cat will be in a superposition |cat> = 
a |life> + b |death> [8].  
 
Another example:   
 
Quantum mechanics tells us that at any time the nucleus involved is in a 
superposition of the decayed and original state.  Because the fate of the cat is 
perfectly correlated with the state of the nucleus undergoing decay, we are 
forced to conclude that the cat must also be in a superposition state, this time 
of being alive and dead [9].  
 
Many textbooks make the same assessment [10-16].  In fact, "Cat states have now 
come to refer to any quantum superposition of macroscopically distinct states" [9].  
For example:   
 
In this paper I first briefly review the apparently bizarre consequences of 
attempting to apply quantum mechanics consistently to macroscopic bodies 
in certain kinds of situations (the "Schroedinger's Cat paradox").  The 
paradox results from the assumption that the linear superpositions of 
macroscopically distinct states, which are unambiguously predicted by the 
formalism, do indeed exist in nature [17].  
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We show how macroscopically distinct quantum superposition states 
(Schroedinger cat states) may be used as logical qubit encodings for the 
correction of spontaneous emission errors [18].  
 
 As we will see, the assessment that (1) represents a superposition of either S 
or A is wrong.  (1) represents quite a different animal from a simple superposition 
such as (|a1>+|a2>)/√2.  (1) and (3) is indeed a superposition, but it's not easy to 
fathom what it's a superposition of.   
 The purpose of this paper is to solve the problem of outcomes and hence 
clarify the physical condition of Schroedinger's cat, and to determine what the 
superpositions (1) and (3) actually superpose.  
 This paper shows that the MS implies definite outcomes for both 
subsystems.  The cat is definitely alive or dead even before any human or other 
outside influence "looks," and the nucleus is definitely undecayed or decayed.  
Neither subsystem is in a superposition state.  Indeed, Rinner and Werner made 
this point in 2008, and appear to be the first to state unambiguously this conclusion 
regarding the cat:   
 
Within the framework of quantum mechanics there actually is no paradox, 
since the above reduced density matrix for the subsystem "cat" is a statistical 
mixture of states dead or alive with equal probability 1/2.  The situation is 
the same as in classical statistics when one describes the unknown outcome 
(head or tail) of tossing a coin.  No superposition state of the cat is present 
which would give rise to non-diagonal entries in the cat's density matrix 
[19]. 
 
Unfortunately, this important paper has attracted little attention.  In 1978, Scully et 
al made the same point in connection with the Stern-Gerlach experiment for spin-
1/2 atoms, with a "detector atom" placed in one of the two output paths in order to 
provide "which path" information.  They also tentatively connected this conclusion 
with Schroedinger's cat:   
 
The simple presence of the detector or observer in one part of our system is 
all that is necessary in order to take us from a pure case to a mixture.  
Schroedinger's cat would seem to allow a similar conclusion.  ...Our results 
could be used to argue that the sub-matrix representing the cat is a mixed 
one.  The cat is either dead or alive but with coin-flip probability, not as an 
amplitude [superposition] [20].   
 
In 1989 Scully followed up on this in a paper co-authored by Englert and 
Schwinger.   The paper again focuses on the Stern-Gerlach experiment: 
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In the present paper we consider the fate of our spin-1/2 [particle] when a 
detector is present that is sensitive to the passage of particles along one 
trajectory, but not the other.  It is not surprising that coherence is destroyed 
as soon as one is able to tell along which path the atom traveled.  However, 
there seems to be no general agreement about the mechanism of coherence 
loss.  Our conclusion is that the loss of coherence in measurements on 
quantum systems can always be traced to the dynamics of correlations 
between the measuring apparatus and the system being observed [21]. 
 
 Section 2 proves rigorously that the measurement process causes definite 
outcomes.  Young's 2-slit experiment illustrates the results.   
 Section 3 responds to previous analyses that find the problem of definite 
outcomes to be unsolvable within standard quantum physics.  
 Section 4 presents nonlocal interference experiments that probe the MS (3) 
in detail, with varying φ.  These experiments show us what the MS actually 
superposes and where the coherence of the superposition (2) goes in light of the 
incoherence of the mixtures (4) and (5).  They demonstrate that S and A are in local 
mixtures, and that the measurement transfers the coherence of (2) to the 
correlations between S and A, allowing S and A to collapse while preserving the 
unitary evolution of the global MS.  Further entities, such as the environment, a 
human mind, other worlds, hidden variables, or additional collapse mechanisms, 
are not needed to explain the collapse, although more (presumably the 
environment) is needed to make the collapse irreversible.   
 Section 5 summarizes the conclusions.   
 
2  Local collapse of the two subsystems 
 
 To analyze the MS, form the pure-state (i.e. representing a single quantum 
state) density operator ρSA=|Ψ>SA SA<Ψ |.  As is well known, the expectation value 
of any observable Q of the composite system SA can be found from <Q>=Tr(ρSA 
Q).   From ρSA, form the "reduced density operators" 
 
 ρ'S = ∑ k <ak|ρSA|ak> =|s1>cos2α<s1| + |s2>sin2α<s2|    (4) 
 
 ρ'A = ∑ i <si|ρSA|si> = |a1>cos2α<a1| + |a2>sin2α<a2|,    (5) 
 
where	 the	 prime	 reminds	 us	 that	 these	 are	 not	 pure-state	 density	 
operators; they are simply aides to understanding the MS, and introduce no 
assumptions, no new physics.  The significance of ρ'S is that, for any observable QS 
Art	  Hobson	   Re-­‐assessment	  of	  the	  state	  of	  Schroedinger's	  cat	   	  7	  
operating on S alone,	  <QS>=Tr(ρ'S QS) [2, 3].  That is, for calculations involving 
only ℋS,  ρSA can be replaced by ρ'S, and similarly for ρ'A.  
 Because the MS has no "cross" terms proportional to |s1>|a2> or |s2>|a1>, 
both reduced density operators are "diagonal," i.e. they contain no terms such as 
|s1><s2| so that the matrices representing these operators are diagonal.  All density 
operators, whether pure or reduced, are Hermitian and can be diagonalized in some 
basis set, but for pure states |Ψ> the diagonal form has only a single non-zero 
term, namely |Ψ><Ψ  |.  Diagonalized density operators having N>1 non-zero 
elements are said to be "mixtures" of their N eigenvectors.  Thus ρ'S and ρ'A  are 
mixtures.  Mixtures can sometimes be given an "ignorance interpretation," e.g. (4) 
might be interpreted to imply S is actually in one of the states |si> but we are 
ignorant of which one it's really in.  However, this would be an incorrect 
interpretation because S is really in the MS.  Nevertheless, <QS>=Tr(ρ'S QS) does 
imply that, locally (i.e. for predictions pertaining to S alone), we can assume S is in 
one of the states |si> but we are ignorant of which one it's really in.  
 An ignorance interpretation of a density operator can be ambiguous [3].  
This occurs whenever any of its eigenvalues are N-fold degenerate (N>1), because 
in this case any basis of the corresponding N-dimensional subspace can comprise 
N of the eigenvectors of the fixed density operator.  In the case of the qubits 
assumed in this paper, this occurs only if the reduced density operators' two 
eigenvalues are 1/2 and 1/2, i.e. only if ρ'S and ρ'A are multiples of the identity 
operator.  For the cases (4) and (5) with variable α, this is not a problem because 
there's no degeneracy except at α=π/4.   
 For any observable QS in ℋS, the MS (3) implies 
 
 <QS	  > = Tr (ρ'S QS) = <s1|QS|s1>cos2α + <s2|QS|s2>sin2α.  (6)   
 
This implies that S is not in a superposition.  For, if S were in a superposition 
β|s1>+	   γ|s2> (β and	   γ non-zero), the expectation of the observables 
QS=|s1><s2|+|s2><s1| and PS=i|s1><s2|−i|s2><s1| would be 2Re(βγ*) and 
2Im(βγ*), respectively.  2Re(βγ*) is zero only if the amplitudes β and γ are 90 
degrees out of phase, and in this case 2Im(βγ*) is non-zero, so at least one of these 
two observables has a non-zero expectation.  But (6) predicts zero for the 
expectations of both QS and PS.  Thus S cannot be in a superposition.  The same 
argument goes for A.   
 Conclusion:  When SA is in the MS, neither S nor A is in a superposition.  
Thus Schroedinger's cat is not in a superposition of dead or alive, but instead 
definitely alive or definitely dead.  This is a rigorous implication of the MS (3) and 
does not depend on one's interpretation of the reduced operators (4) and (5).  It 
solves the problem of outcomes.  To my knowledge, Rinner and Werner [19] were 
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the first to publish a clear understanding of this, even though von Neumann [2] and 
others derived the mixtures (4) and (5) and others [20, 21] suggested this result.   
 The measurement-induced entanglement causes the coherence in the initial 
superposition |Ψ>S to "migrate outward" to |Ψ>SA, "decohering" or "de-
superposing" the superposition |Ψ>S.  Local observers (of either sub-system) now 
detect no interferences, no superpositions.  It follows that only nonlocal observers 
(who monitor coincidences between subsystems) can detect any interferences that 
might reside in the MS.  The mixture (4) implies that, in an ensemble of trials, local 
observation of S finds a fraction cos2α of the outcomes to be consistent with S 
being in the state |s1> and a fraction sin2α to be consistent with S being in the state 
|s2>, even though S is really in the global state |Ψ>SA.  Cos2α and sin2α are just the 
standard "Born rule" probabilities that, when S is in the superposition (2), the 
probability that the measurement will "find" S in the state |si> is |<si|Ψ>S|2.   Thus 
the local collapse and the Born rule are derivable directly from the MS (3).   
 An obvious experimental example of measurement-caused non-local 
decoherence is the standard double-slit interference with, for instance, individual 
electrons S passing through the slits, with a "which slit" detection apparatus A 
present at the slits and a "downstream" viewing screen that registers the electron 
impacts.  With A turned off, let the electrons be described by (2) where the |si> 
represent an electron passing through slit i.  In this situation, the standard two-slit 
interference pattern appears on the screen as a consequence of an ensemble of 
electrons passing through the experiment.  This is evidence of the superposition 
state (2).  But when A is switched on, the which-path information causes a new 
pattern to appear.  It contains no interferences and is a straightforward "classical" 
pattern of impacts from electrons passing through slit 1 only, and impacts from 
electrons passing through slit 2 only.  The definite results (slit 1 or slit 2) are 
evidence of the mixed state (4).  Entanglement of the electrons with the apparatus 
has put the composite system SA into the MS (3), decohering the electrons' state, 
causing the superposition to jump to a mixture.  Schlosshauer, in Chapter 2 of [3], 
presents a nice analysis and discussion of the effect of decoherence in this 
experiment, including intermediate cases where A provides partial but not full 
which-path information.   
 In terms of Schroedinger's cat:  In an ensemble of trials, a fraction cos2α of 
the cats live and a fraction sin2α die. These probabilities are "classical," just like 
the probabilities of a roulette wheel's outcomes.  Both subsystems are in definite 
local states following the measurement process, although of course we cannot in 
advance predict which without violating the uncertainty principle.   
 We'll see in Sect. 4 that, experimentally, the MS (3) is a superposition of 
correlations of S and A, not a superposition of states.  Experiments show that, if SA 
is in the MS, then locally S and A are in incoherent mixtures, while globally SA is 
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in a coherent pure state with correlations between S and A exhibiting non-local 
interferences as φ varies.  Nonlocality experiments have shown that such nonlocal 
interferences are typical of entangled sub-systems.  This clarifies the nature of the 
coherence inherent in  (1) and (3), showing that (1), and not (7), is actually the 
collapsed state one would intuitively expect to find as the result of a measurement 
process that obeys Schroedinger's equation. The precise meaning of (1) turns out to 
be "S is in the state |s1> if and only if A is in the state |a1>, and S is in the state |s2> 
if and only if A is in the state |a2>."  The italicized word "and" indicates that this is 
a superposition, not a mixture.  This state  incorporates both the measurement 
(collapse) postulate and unitary quantum physics.  What more could one ask of 
quantum physics?   
 As mentioned earlier, this doesn't entirely solve the measurement problem, 
because the MS is still reversible.  Something (presumably decoherence in the 
wider environment, as described by Zurek [23]  and others) beyond unitary 
dynamics is needed to explain how the measurement process leads to an 
irreversible mark.  
 
3.  The analyses of Wigner, Adler, and Bassi and Ghirardi 
 
 The incorrect interpretation of (1) might stem from Eugene Wigner's 
influential 1963 paper [22].  Wigner derives the bipartite pure state (1) from 
quantum physics, and contrasts it with the bipartite mixed state  
 
 ρ'SA  = (|a1>|s1><s1|<a1| + |a2>|s2 ><s2|<a2|)/2    (7) 
 
that the collapse postulate seems, intuitively, to imply. In this fully collapsed state, 
either SA is in the collapsed product state |s1>|a1> or SA is in the collapsed 
product state |s2>|a2>, with no interferences between these two possibilities, 
whereas the MS does (see Sect. 4) show interferences.  The predictions of (1) and 
(7) are almost identical.  Their local predictions for S and A are identical, and both 
predict global correlations such that |si> occurs if and only if |ai> occurs.  The 
only difference is that (1) is entangled and thus predicts a nonlocality that (7) does 
not have.  But (Sect. 4) such nonlocality can only be experimentally revealed via 
the generalized MS (3) with variable φ.  
 Wigner suggests that the measurement problem would be solved if (7) could 
be derived using only the unitary Schroedinger evolution.  Noting that one cannot 
derive (7) via unitary evolution from pure initial states of S and A, he proposes to 
assume an initially pure state of S and a more realistic (because A is normally a 
macroscopic apparatus) initial mixture for A.  He then proves that it is also 
impossible to derive (7) from this assumption.  He concludes, "It follows that it is 
not compatible with the equations of motion of quantum mechanics to assume that 
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the state of object-plus-apparatus is, after a measurement, a mixture of states each 
with one definite position of the pointer."   
 But we have seen that the MS implies that neither S nor A is in a 
superposition, contradicting Wigner's conclusion.  Wigner's error was to assume 
that (7) is the only state consistent with the pointer having a definite position.  For 
both theoretical (above) and experimental (Sect. 4) reasons, this is not true. 
 Others have assumed that (7), rather than (1), is the state we actually see 
following a quantum measurement.  For example, Adler [24] states that "the 
quantum measurement problem consists in the observation [that (1) above] is not 
what is observed as the outcome of a measurement!  What is seen is not the 
superposition of [(1)], but rather either the unit normalized state [|s1>|a1>] or the 
unit normalized state [|s2>|a2>]."  Adler's "either/or" phrase is equivalent to the 
mixed state (7).  Adler then argues, correctly, that the two states |s1>|a1>and 
|s2>|a2> cannot both have evolved from a single initial state by a deterministic, 
unitary evolution, and concludes, incorrectly, that this implies a contradiction 
within conventional quantum physics.  The contradiction, instead, lies in arguing 
that (7) rather than (1) is the state we actually see.  We've seen that the implications 
of (7) and (1) are identical except that (1) is entangled and non-local, while (7) is 
not.  We'll see in Sect. 4 that, when the MS (3) is created in 2-photon 
interferometry experiments in which each photon measures the other photon, the 
expected non-local properties and the expected local mixtures (4) and (5) are 
observed. 
 Analyses purporting to demonstrate that the measurement postulate 
contradicts the other standard quantum postulates generally derive the MS (1) as a 
direct consequence of the linearity of the time evolution of quantum physics, and 
then claim that (1) contradicts the measurement postulate.  For example, Bassi and 
Ghirardi [25] describe the MS (1) as follows:   
 
Such a state is an entangled state of the microscopic system and of the 
apparatus, which is not an eigenstate of the relevant observable of the 
apparatus, i.e. the position of the pointer.  In situations like this, as already 
discussed, it is not legitimate, even in principle, to state that the properties 
associated to the states [|a1> or |a2>] are possessed by the apparatus:  as a 
consequence the apparatus is not in any of the macroscopic definite 
configurations we perceive it to be.  ...The standard way out from this 
difficulty is given by the wavepacket reduction postulate ..., which states that 
'at the end of the measurement process the final [measurement state] reduces 
to one of its two terms:  [|s1>|a1> or |s1>|a1>].  ...We have already 
mentioned, and we have proved now, that the postulate of wavepacket 
reduction contradicts the assumption of the general validity of the 
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Schroedinger equation; this ...incorporates two contradictory dynamical 
evolutions, something we cannot accept for a physical theory.   
 
 Let's analyze these four sentences.  The first says that the MS is not a 
definite "pointer state" of the apparatus--not a definitely dead or definitely alive 
state of the cat.  But (5) shows that the MS does in fact imply that the pointer is in 
a mixture, not a superposition.  The second says again that, following a 
measurement, A is in a superposition that does not agree with our post-
measurement perception that A is in a definite configuration; but again (5) 
contradicts this assertion.  The third repeats Wigner's assertion that the 
measurement postulate implies SA is in the mixed state (7) following the 
measurement, an assertion I've rebutted above.  The final sentence says that the 
Schroedinger evolution and the collapse postulate contradict each other.  But we 
have seen that the collapse to a situation involving definite outcomes occurs 
precisely because the Schroedinger equation allows a unitary evolution from (2) to 
(3) and the resulting decoherence is brought about by entanglement.   
 
4  Insights from nonlocal two-photon interferometry experiments 
 
 The many nonlocality experiments during recent decades are likely to be 
relevant to understanding the MS.  This is because, as we've seen, the MS (1) and 
the fully collapsed mixture (7) have identical local implications and identical 
nonlocal correlations, but (1) violates Bell's inequality while (7) does not.  Thus if 
the state following the measurement interaction is (1), S and A can drift light-years 
apart and still instantantly affect each other.  As we'll see, this nonlocal effect is in 
fact crucial in allowing the collapse to occur simultaneously in both subsystems S 
and A while maintaining global unitary evolution.  Such a nonlocal phenomenon 
cannot occur in the non-entangled mixture (7).   
 The nonlocal two-photon interferometry experiments by Rarity and Tapster 
[26, 27] and, independently, by Mandel's group [28-31], probe the MS with a 
variable phase factor φ between the two superposed terms but with fixed α=π/4.  
Such experiments can determine just what the MS superposition actually 
superposes.  Importantly, in these "RTM" experiments, both S and A are 
microscopic so the entire measurement can be studied with rigorous quantum 
(field) theory. Each sub-system is demonstrated to be in a locally incoherent 
mixture that is independent of φ, just as predicted by (4) and (5). Comparison of 
S/A coincidences for different φ-­‐values then demonstrates a nonlocal interference 
of correlations.  The experiment demonstrates that Schroedinger's cat is not in a 
superposition but is instead in a mixture and is either alive or dead in each trial, 
while the composite system remains in a pure state superposition.  The experiment 
demonstrates the precise nature of this superposition and the difference between 
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the MS and the completely collapsed state (7), showing that (1) is precisely the 
collapsed state one expects following the measurement interaction.   
 In these experiments, a photon is "parametrically down-converted" into two 
entangled photons (call them S and A) which then move through separate 2-slit 
interference experiments, with each photon eventually impacting a detection 
screen.  More accurately, the experiments used interferometers equipped with 
beam splitters, variable phase shifters, and pairs of photon detectors, but this is 
equivalent to two slits and a screen for each photon.  The experiments were done 
with photon pairs, but nobody doubts that the results would be the same if they 
were done with material particle pairs.   
 S and A emerge from the down-converter source in the entangled "Bell state" 
(1) (Fig. 1).  Since they are in the MS, each photon can be considered to be an ideal 
von Neumann detector for the other photon.  Each photon emerges from the down-
converter in two superposed beams (recall the 2-slit experiment); call S's two 
beams |si> and A's two beams |ai> (i=1, 2).  One beam of S is then phase-shifted 
through φS and one beam of A is phase-shifted through φA, analogous to observing 
off-center at S's and A's viewing screens in the 2-slit experiment.  Setting φS and φA then establishes a net phase difference φ=φS-φA between S and A, inserting the 
variable phase factor exp(iφ) into the MS as in (3) but with α=π/4.  φ is thus the 
angle by which S and A are mutually out of phase.  S's two beams are then 
combined at a beam-splitter whose two outputs are monitored by photon detectors, 
and similarly for A's beams.  See [26-31] and my conceptual physics textbook [32] 
for more on these wonderful experiments.  
 In an ensemble of trials, A's detectors and S's detectors show no local signs 
of interference.  This is because each photon decoheres the other photon, creating 
incoherent local mixtures as predicted by  (4) and (5).  Each photon impacts each 
of its two output detectors entirely randomly, with 50-50 probability regardless of 
the settings of φS and φA.  There is no sign of the local interference that would 
occur if S and A were not entangled.  
 Special relativity implies that such local de-coherence must be the case 
because otherwise a change in S's phase factor φS would, by altering the global 
phase factor φ=φS-φA, instantly alter A's outcomes in a manner that A could detect 
locally.  This would violate "Einstein causality":  S could send an instantaneous 
signal to A.  Thus φ must be "camouflaged" at both S's and A's detectors, implying 
the photons must individually show no sign of interference [33,34].  Thus, to 
preserve Einstein causality, the "second order" (involving S's two possible paths) 
interference pattern at S's detectors must be decohered by A's observation and vice-
versa.  Thus does quantum entanglement delicately manage to protect relativistic 
causality while allowing non-local connections between subsystems.   
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__________________________________________________________________ 
 
__________________________________________________________________ 
Figure 1.  The RTM experiments.  A source emits an entangled photon pair, with 
each photon (A or S) emitted into two beams, one of which is phase-shifted.  
Without the entanglement, each photon would exhibit interference as a function of 
φA or φS.   But the entanglement puts each pair into the pure entangled state (3) 
(with α =π/4), causing each photon to be in the mixed state described by (4) and 
(5), showing complete randomness.  The coherence has shifted into the two-photon 
correlations, which are found to interfere as described in the text.   
__________________________________________________________________ 
 But how then is unitarity preserved, despite the loss of coherence implied by 
the locally incoherent collapsed states (4) and (5)?  RTM's nonlocal "fourth order" 
(involving both photons along all four paths) pattern shows the coherence 
predicted by (3):  A coincidence detector reveals each entangled pair of photons to 
be correlated exactly as shown in the full MS, for every value of the relative phase φ.  In the language of the 2-slit experiment with detection screens, let xS  and xA be 
the impact points of each photon on their respective (and arbitrarily widely 
separated) screens.  A graph of the number of coincidences as a function of 
δ=xS−xA, which is (for small angles) proportional to  φ=φS-φA, shows the expected 
interference that is the wonder of quantum entanglement:  Although each photon 
impacts randomly on its screen, if A impacts at xA then its paired distant photon S 
"knows" it is "supposed" to impact preferentially near certain positions xS = xA+δ 
where δ=0, L, 2L, .... (corresponding to φ=2nπ with n=0, 1, 2, ...), and never at 
δ=L/2, 3L/2, ... (corresponding to φ=(2n+1)π), for some fringe separation L.  With 
the phase difference set at φ=2nπ, we find only coincidences (S impacts if and only 
if A impacts), while φ=(2n+1)π implies only anti-coincidences (S impacts if and 
only if A does not impact), with intermediate φ-values representing intermediate 
probabilities of coincidence (the coincidence count is proportional to 1+cosφ).  
For example, φ=π/2   implies   coincidences   and   anti-­‐coincidences   are   equally  probable. Being entangled in the MS, the two photons "know" their mutual 
relationship, even at large separations [32].  Furthermore, Aspect's experiments 
[35, 36] demonstrate that the connection is non-local:  changes in φ   initiated  by  
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 Thus experiments confirm that when SA is in the MS, only the correlations 
of S and A, and not the states of S or A, are superposed.  (1) must be interpreted as 
"|s1> occurs if and only if |a1> occurs, and |s2> occurs if and only if |a2> occurs."  
Translated to Schroedinger's example, the cat is alive if and only if the nucleus is 
undecayed, and the cat is dead if and only if the nucleus is decayed--an entirely 
normal result.  Similarly, the state (|s1>|a1>-|s2>|a2>)/√2 (the case φ=π) must be 
interpreted as "|s1> occurs if and only if |a1> does not occur, and |s2> occurs if and 
only if |a2> does not occur."  The italicized word and in these sentences indicates 
that these entangled bipartite states are superpositions, not mixtures.  Other values 
of φ represent intermediate states of correlation.   
 
5  Conclusions 
 
 The ideal von Neumann measurement state has usually been misinterpreted.  
Theory and experiments show that, when a bipartite system is in the entangled 
measurement state, the nonlocally connected subsystems cannot be asssumed to 
comprise a single larger system whose states are superposed in the usual way.  
Instead, the reduced incoherent mixed states (4) and (5) of the separate sub-
systems correctly describe the expected definite outcomes in local observations, 
while the coherence inherent in the global superposed composite state appears not 
as superpositions of either subsystem but only as a superposition of the correlations 
between the two subsystems.  Thus Schroedinger's cat is in a non-paradoxical 
mixture of being alive on those trials in which the nucleus didn't decay, and dead 
on those trials in which the nucleus decayed, with a randomness stemming from 
the quantum randomness of the nuclear decay.  This state of affairs comes about 
with no assistance from the environment, a human mind, other worlds, hidden 
variables, collapse mechanisms, or other entities beyond the quantum system and 
its measuring apparatus, even in the case that both are microscopic.  The 
measurement-induced entanglement, i.e. decoherence, shifts all coherence 
"outward" from the subsystems to the correlations between them, so that the 
correlations rather than the subsystems are superposed.  This nondestructive 
transfer of coherence is a necessary consequence of unitarity, and is surely 
fundamental to understanding the second law of thermodynamics at the quantum 
level.   
 Thus the collapse (but not the eventual irreversibility) is fully explained by 
unitary quantum physics:  The nonlocal superposition of correlations represented 
by the global measurement state allows this composite state to evolve unitarily 
while both subsystems collapse because of the decoherence caused by their 
nonlocal entanglement.  This clarifies but does not by itself entirely solve the 
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measurement problem, because the entangled measurement state remains fully 
coherent and thus entirely reversible in principle.  To put this point another way, 
throughout the collapse the entropy Tr(ρSA ln ρSA) of the global system remains 
zero, as is the case for any pure state.  Despite the collapse, the entropy of the 
universe does not increase.   
 This analysis of the measurement state removes all paradox from 
Schroedinger's cat, explains the precise sense in which the MS is a coherent 
superposition, and explains how the collapse into definite outcomes can be 
reconciled with standard unitary quantum physics.   
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